the domestication process, we also consider, in this search, genes involved in NC development 149 and function. Through this comparative evaluation of candidates, we will define a subset of 150 overlapping genes involved in both SZ and in domestication and/or NC. The functional role of 151 these selected genes will be discussed in detail, focusing on their contribution to 152 etiopathogenesis of SZ and their implication for cognition and language. In addition, in order 153 to evaluate their actual functional involvement, we will delve into their differential expression 154 profiles in the SZ brain, by in silico analysis of previously published data. 155 156 Environmental factors are known to contribute to SZ too (see Brown, 2011; Geoffroy et al., 157 2013; Moran et al., 2016, for reviews). Likewise, although domestication has genetic roots (as 158 originally suggested by Wilkins et al. and as we will show here), domestication results as well 159
in the creation of a cultural niche that favours the maintenance of domestic features by cultural 160 evolution. Accordingly, although our focus is put on the genes, the role of the environment 161 cannot be dismissed. The same is true for language indeed, as suggested above. Modern 162 language seemingly evolved as the result of changes in brain genes that brought about a 163 differential cognitive ability (aka language-readiness) and favoured a domesticated phenotype 164 in our species, but it is also a consequence of subsequent changes in the (proto)linguistic 165 systems, that were triggered and facilitated by the domestic environment in which human 166 beings are reared. 167 168
2. Domestication features in SZ 169 170
Most of the features observed in the "domestication syndrome" described by Wilkins and 171 colleagues (2014) are found generally exacerbated in SZ individuals (Figure 1 ). Domestic 172 varieties of mammals exhibit a distinctive set of common traits (Figure 1, top) , including 173 neoteny, shorter reproductive cycles, depigmentation, and increased tameness. Changes in 174 behaviour seemingly result from reduced levels of stress hormones (including 175 adrenocorticoids, adrenocorticotropic hormone, cortisol, and corticosterone), and particularly, 176 from the delay in the maturation of the adrenal glands, which also gives rise to an increase of 177 the duration of the immaturity of the hypothalamic-pituitary-adrenal system (the HPA axis) 178 and a hypofunction of the sympathetic nervous system, which provides the animal with a longer 179 socialization window. Many of the differences with their wild conspecifics concern to the 180 craniofacial area. These include changes in ear size and shape, changes in the orofacial area 181 (including shorter snouts and smaller jaws), changes in dentition (particularly, smaller teeth), 182 and a reduced brain capacity (specifically, of components of the forebrain such as the amygdala 183 or parts of the limbic system) (see Wilkins 
196
Physical anomalies 197
Minor dysmorphisms are typically featured in the craniofacial area of SZ patients. Indeed, 198 facial asymmetries, particularly those arising along the midfacial junctions (between 199 frontonasal and maxillary prominence derivatives), are reproducibly found in these patients 200 (Gourion et , 2002) . Some studies suggest a significant association between 212 minor physical anomalies and the early onset of the disease (Hata et al., 2003) . 213 214
Brain anomalies and dysfunctions 215
Metanalyses of structural neuroimaging studies in the SZ brain are indicative of a significant 216 reduction of total brain volume, which mostly affects to the hippocampus, the thalamus and the 217 cortex, most pronounced in the frontal and temporal lobes (Steen et al., 2006, Haijma et al.,  218 2013, Haukvik et al., 2013) . This is seemingly due to the impairment of the surface expansion 219 of the cortex during brain growth, which impacts more on the left hemisphere and results in a 220 relative areal contraction of diverse functional networks (Palaniyappan et al., 2011) . Gray 221 matter reduction in SZ is also associated with longer duration of illness and reduced sensitivity 222 to antipsychotic medications. Accordingly, brain volume constraints in SZ are better explained 223 as a combination of early neurodevelopmental disturbance and disease progression ( The reduction of brain volume is expected to impact cognitive and language abilities of patients 234 and to account for distinctive symptoms of the disease (see also section 5 decline compared to controls. However, they also found that they exhibit a significant absence 276 of the increase in cortisol responsivity to stress. According to Ciufolini et al., (2014) , SZ is 277 characterised by an attenuated HPA axis response to social stress: despite a normal cortisol 278 production rate, schizophrenics have lower cortisol levels than controls, both in anticipation 279
and after exposure to social stress. In the TD population, HPA activity increases around 280 puberty, with a postpubertal rise in baseline cortisol secretion linked with pubertal stage 281 (Walker et al., 2001 , Gunnar et al., 2009 ). It has been suggested that delayed adrenarche 282 correlates with a higher risk for SZ (Saugstad 1989a (Saugstad , 1989b 
368
As shown in Figure 2 , an overall number of 42 genes were found among the intersection sets 369 of the diagram. In particular, 5 genes (FOXD3, RET, SOX9, SOX10 and GDNF) were 370 overlapping within the three gene lists, hence could represent a selected core of candidates that 371 support our hypothesis. In addition, 18 genes were shared between the SZ list and the 372 domestication list, while 19 genes were shared between SZ and NC candidates. Overall, we 373 found out that over 18% (23 out of 127) of domestication candidates, and 27% (24 out of 89) 374 of genes involved in NC development and function, are listed within those that have been 375 documented as playing a role, as either putative candidates for, or functionally related to SZ. 376
Considering domestication (n: 127) and neural crest (n: 89) candidates altogether, this list 377 comprises 19.4% (42 of 216) SZ candidates. 378 379
Below we provide with a brief functional characterization and biological interpretation of these 380 genes. 381 382 4. Functional implication and biological interpretation of domestication/NC genes in the 383 SZ brain. 384 385 We expected that the 42 genes we highlight here as part of the shared signature of domestication 386 and/or NC and SZ (see Figure 2 ) are functionally interconnected and map on to specific 387 signaling cascades, regulatory pathways, or aspects of brain development and function, of 388 interest for SZ etiopathogenesis, and specifically, for language deficits in this condition. 389
Accordingly, we have employed the license free software for gene network analysis String 10 390 (www.string-db.org). This allowed predicting quite robust links among the genes. In particular, Other genes in the network are directly or indirectly related to the core genes described above. 449
In particular, MSX1 and DLX5 homeotic genes also appear to play pivotal roles in this gene 450 network, as they establish functional interactions with many of the candidates shown in Figure  451 3 affecting the glutamate decarboxylase 1 regulatory network in SZ, which may explain 462
GABAergic dysfunctions in this condition (Ruzicka et al., 2015) . 463 464
Among the other shared candidates between SZ and domestication, KDM6B and BMPR1B are 465
shown to interact with SOX9 and SOX10 (see Figure 3 ). KDM6B encodes a histone 466 demethylase, which plays a central role in regulation of posterior development. Other candidate genes are not clearly functionally interconnected in the core interacting 536 network (see Figure 3 ), although most of them play relevant roles in cognitive functions that 537 have evolved in humans. Most of them are further discussed in section 5 because of their impact 538 on language development. 539 540
The functional enrichment, based on gene ontology (GO) annotations, of the gene list 541 considered in this study (Figure 2 ), point out that most of these genes act in signaling pathways 542 known to be impaired in SZ and might play biological functions that are affected in this 543 condition (see GO annotation table in Figure 3 ). Noticeably, the top-scoring functional 544 categories, resulting from the functional annotations, include regulation of nervous system 545 development and of cell differentiation, specifically of glial cells and neurons. Among the 546 molecular function GO categories, transcription regulation hits as the most relevant; indeed, 547 many of the genes listed here encode transcription factors and epigenetic modulators, that on 548 their turn modulate the expression of genes with pleiotropic role in brain development, 549 cognitive abilities (including language processing). Finally, considering the cellular 550 localization of the proteins, most of them appear to localize inside the cell projection 551
components, confirming their role as regulators of neuron interconnection. 552 553 We have further attempted to delve into the actual functional implication of these selected 554 genes in the SZ molecular pathogenesis, by assessing whether their expression is significantly 555 modulated in the SZ brain. in an independent study (GSE53987 dataset), it included nearly 6200 genes (p<0.05). Finally, 586
the in silico analysis of data included in the GSE53987 dataset allowed also obtaining 587 expression profiles of the associative striatum nucleus (6705 annotated genes, p<0.05) and of 588 the hippocampus (over 4000 genes, p<0.05) of SZ patients. 589 590
The extended gene lists of annotated genes obtained from the analysis of each dataset (see 591 supplemental file 4) were then used for searching the selected 42 candidates specified in the 592 previous section. Overall, we found significant differential expression values for over 75% (32 593 out of 42) of the common candidates for SZ, domestication, and/or NC development and 594 function, as discussed above, namely: BDNF, BMPR1B, CACNA1D, CDH2, COX4I1, 595 DLGAP1, DLX5, DLX6, FOXD3, GDNF, GLI3, GRID1, HES1, IMMP2L, JPH3, KDM6B, 596 KIF1B, MSX1, NF1, NIPBL, OLIG2, POMT1, RET, ROBO2, SKI, SOX9, SYNJ2, TBX1, TPH1, 597 VDAC1, WNK2 and ZEB2. These genes resulted differentially expressed in different brain areas 598 (Figure 4a ), the largest number being found within the expression profiles of the frontal cortex 599 (21 genes), the associative striatum nucleus (16 genes), and the hippocampus (11 genes). These 600 functional events are obviously observed in adult (cadaveric) specimens, hence they could not 601 reflect the molecular events that have occurred during early neural development, which are 602 crucial for the etiopathogenesis of SZ. Nonetheless, some insights into the molecular 603 networking that underlie the impaired cognitive and social scenarios acting in the SZ brain 604 could be gathered. Moreover, it is important to note that all these brain areas exhibit anomalies 605
(structural and functional) in schizophrenics, play a role in language processing, and show 606 differences in domesticated animals compared to their wild conspecifics. 607 608 
623
In the frontal cortex, most of the core-set genes in the gene network displayed in Figure 3 2014). In the same brain area, FOXD3 (a SOX9 repressor, based on String10 prediction) is 630 downregulated, along with other 11 candidates (Figure 4a ). Interestingly, genes that displayed 631 differentially expression in the frontal cortex of domestic animals (dogs, pigs, rabbits, and 632 guinea pigs) compared to their wild counterparts included a widely conserved SOX gene 633 (Albert et al, 2012), strongly supporting the central role of these gene family in the brain 634 changes implicated in the domestication process. 635 636
In the temporal cortex, OLIG2 and SKI, among others, show a reduced expression trend ( Figure  637 4a), possibly indicative of the impaired glial function. Indeed, SKI methylation was described 638
in SZ brains (Montano et al., 2016) . 639 640
It is worth noting that structural and functional anomalies in the frontal and temporal cortices 641 of SZ patients are believed to impact greatly on their language abilities. Accordingly, lexical 642 processing in SZ entails abnormal oscillatory patterns in the left frontal-temporal areas, 643 specifically reduced temporal lobe α and left frontal lobe β activity ( Many of the genes gathered in our selected gene list play a role in the etiopathogenesis of 717 phenotypes affecting the language domain, reinforcing the link between domestication, SZ, 718 and language. In most cases, though, the implication in neural/cognitive functions could be 719 viewed as a side-effect of the wide pleiotropism and extremely heterogeneity of the vast group 720
of genes considered to lay the polygenic foundation of SZ. 721 722
DLX genes, including DLX5 and DLX6 are also important for the evolution of language-723 readiness, based on their interaction with FOXP2 and RUNX2 (Boeckx and Benítez-Burraco, 724 2014a). Dlx5/6(+/-) mice show reduced cognitive flexibility that seemingly results from an 725 abnormal pattern of γ rhythms, caused by abnormalities in GABAergic interneurons: this 726 phenotype recapitulates some clinical findings of SZ patients (Cho et al., 2015) . During 727 language processing γ rhythms are hypothesised to generate syntactic objects before β holds 728 them in memory and they also contributes to lexical processing (see Murphy 2015 for details). 729
As noted in the previous section, in schizophrenics reduced γ activity is observed at frontal 730 sites during semantic tasks; likewise, higher cross-frequency coupling with occipital α is 731 usually detected (Murphy and Benítez-Burraco, 2016a Denisovans gained a non-synonymous change in GLI3 that is described as mildly disruptive 748 (Castellano et al., 2014) . 749 750
OLIG2 confers susceptibility to SZ, alone and as part of a network of genes implicated in 751 oligodendrocyte function (Georgieva et al., 2006) . OLIG2 is also associated with psychotic 752 symptoms in Alzheimer's disease (Sims et al., 2009) Finally, mutations in GFAP give rise to Alexander disease (OMIM#203450). Specifically, 850
GFAP is upregulated in the left posterior superior temporal gyrus (Wernicke's area) of 851 schizophrenics, a region crucially implicated in language processing (Martins de Souza et al., 852
2009). 853 854
The involvement of most of these common candidates for SZ, domestication and NC in 855 language function provides with an unexpected, intriguing window on language evolution. As 856 we pointed out in the introductory section, an evolutionary link has been claimed to exist 857 between the origins of language and the prevalence of SZ among human populations, because 858 of the nature of the brain changes that brought about language, which plausibly favour the 859 dysfunctions typically found in SZ. In this paper we have argued for putting the focus not only 860 on the split between extinct hominins and AMHs, but also on the time period following the 861 emergence of our species. The main reason is that changes in the social environment linked to 862 our subsequent self-domestication are expected to have contributed to the emergence of 863 modern languages. As we have showed in the paper, many candidates for domestication and 864
NC development and function are involved in language, but also in the etiopathogenesis of SZ, 865
reinforcing the view that domestication, language evolution, and SZ are intimately related. The 866 genes we highlight here might have contributed to this set of late, domestication-related 867 changes in the human phenotype. Interestingly, signals of ancient selection (occurring >1,900 868 generations ago, prior to the split of present-day human groups) have been found in some of 869 our candidates, particularly, in ZEB2, but also in BMPR2, a gene encoding another BMP 870
receptor (Zhou et al., 2015) . This is in line with the finding that SZ risk alleles may have mainly 871 appeared during this late period, after the emergence of our species. We expect that these recent 872 changes in our candidates contributed as well to the changes that are concomitant to the 873 domestication process. 874 875 6. Conclusions 876 877
Taken together, the data discussed in this paper may provide original hints towards the 878 clarification of some aspect of SZ etiopathogenesis, balancing genetic, epigenetic and 879 environmental factors, and merging development and evolution. The proposed approach may 880 help to disentangle as well the evolutionary history of human cognition, and specifically, of the 881 human faculty of language. In particular, it supports the view that changes in the social context 882 linked to self-domestication contributed decisively to the emergence of modern language and 883 present-day complex languages and that both genetic and environmental factors play a role in 884 this process. 885 886
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